INTRODUCTION
Silica fume is submicron silica (SiO 2 ) particles (typically approximately 0.2 μm [8 × 10 -6 in.] in particle size). It is a waste material and an admixture for enhancing the mechanical properties and decreasing the liquid permeability of cement-based materials. [1] [2] [3] [4] [5] [6] [7] [8] These effects relate to the microstructural refinement, which also results in enhanced bonding with steel reinforcing bars. 3 When untreated silica fume is used in cement paste in the amount of 15% by mass of cement, it increases the compressive strength by 12% and increases the compressive modulus by 370%, although it decreases the compressive ductility by 64%. 3 The increases in strength and modulus are due to the microstructural refinement and the reinforcing ability of silica fume.
Silica fume tends to increase the creep of cement-based materials. 6 Creep relates to the viscoelastic behavior. The viscoelastic behavior of a silica fume particulate compact is related to that of cement containing silica fume, because the silica particles tend to be clustered to a degree in a cement matrix. The movement among the silica particles in a cluster occurs during loading.
Silane acts as a coupling agent between silica and cement. It consists of molecules, with each molecule having desired functional groups at its two ends. 9 When silane-treated silica fume is used in cement paste, the compressive strength and modulus are increased by 34 and 270%, respectively, 3 while the compressive ductility is decreased by 71%, all relative to the case without silica fume. Relative to untreated silica fume, the silane treatment has a positive effect on the compressive strength, but negative effects on the modulus and ductility. The positive effect on the strength is due to the covalent coupling, the air void content decrease, 3 and the enhanced wetting by water. The negative effects on the modulus and ductility are probably due to the flexibility and presence of the covalent coupling, respectively.
Viscous properties relate to the ability for mechanical isolation and the tendency for creep or settlement. Elastic properties relate to the stiffness and the load bearing capacity. Both viscous and elastic properties relate to the ability to dissipate mechanical energy, as needed, for vibration damping. The storage modulus E′ is the dynamic elastic modulus, which is defined as
where σ o and ε o are the stress and strain amplitudes, respectively. 10 The loss modulus E′′ relates to the mechanical energy dissipated per unit volume, 10 and is defined as
The loss tangent (tan δ, where δ is the phase angle between the stress and strain waves) describes the viscous character, 10 and is defined as tanδ = E′′/E′ (3) It equals twice the damping ratio in linear viscoelasticity. 2 The use of silica fume as an admixture greatly enhances the viscoelastic properties of cement-based materials. In the use of untreated silica fume (15% by mass of cement), the loss tangent under flexure is increased by 130%, the storage modulus under flexure is increased by 570%, and the loss modulus is increased by 1450%. The use of silane-treated silica fume instead of untreated silica fume gives even more positive effects on all three viscoelastic properties, increasing the loss tangent (relative to that of plain cement paste) by 150%, the storage modulus by 780%, and the loss modulus by 2080%. 3 The enhancement of the viscous behavior (the loss tangent) by the addition of silica fume is due to the movement at the interface between silica and the All rights reserved, including the making of copies unless permission is obtained from the copyright proprietors. Pertinent discussion including author's closure, if any, will be published ten months from this journal's date if the discussion is received within four months of the paper's print publication. cement matrix. 5 This movement is associated with friction. The enhancement of the elastic behavior (as described by the storage modulus and the static compressive modulus mentioned previously) is due to the reinforcing ability and microstructural refining ability of silica fume.
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Previous work has addressed the behavior of cementmatrix composites containing silica fume under dynamic flexure. [2] [3] [4] [5] 7, 8 Behavior under dynamic compression has not been previously reported, even though compressive loading is important. The absence of study under compression is due to the difficulty of dynamic compressive testing of stiff monolithic materials: the surface of the specimen is never perfectly smooth. The surface topography results in high local compressive stresses at the hillocks and deformation that is mainly occurring at the hillocks. For fine particle compacts, however, the specimen surface conforms to the topography of the piston (the surface of which is never perfectly smooth) used to apply the compressive force, thus making the dynamic compressive testing meaningful.
Monolithic silica is inherently an elastic material (rather than a viscous material) due to its high stiffness. A silica particle compact can exhibit viscous character, however, due to the movement of the particles relative to one another during the deformation of the compact.
Previous work on the viscoelastic behavior of particulate materials is limited. Under compression, work has addressed glass spheres with an average size of 459 to 4417 μm (0.018 to 0.173 in.) and sand with an average size of 169 μm (0.007 in.). 11, 12 These particle sizes are large, resulting in small values of the particle-particle interfacial area and, hence, little contribution of the interface to the viscoelastic behavior. Due to the small role of the interface, previous work 12 reported no effect of the particle size on the loss tangent. In contrast, this work addresses particles that are approximately 0.2 μm (8 × 10 -6 in.) in size, so that the interface becomes important, and the effect of the interface can thus be studied. Furthermore, the small particle size is relevant to silica fume. In the previous work, 11 glass and sand give relatively high values of the modulus of elasticity, but relatively low values of the loss tangent, whereas rubber and polyethylene give relatively low values of the modulus of elasticity, but relatively high values of the loss tangent. These results on rubber and polyethylene particle compacts are consistent with the dominance of the contribution from the interior of each particle rather than that from the particleparticle interface.
This work studies silica fume as a particle compact rather than silica fume in a cement matrix. This is because: 1) the particle compact allows easy movement at the particleparticle interfaces, thereby allowing focus on studying the interfacial mechanism of viscous behavior; 2) a particle compact is amenable for testing under compression, which is an important mode of loading for cement-based structures; and 3) it is not possible to measure the dynamic compressive properties of a stiff material (such as a cement-based material) under small strains due to the presence of hillocks on the surface (even after mechanical polishing).
High values of the loss tangent and storage modulus are needed for vibration damping (mechanical energy dissipation). This is because: 1) a higher value of the storage modulus enables a higher force to be borne, and energy relates to the force; and 2) a higher value of the loss tangent enables more rapid reduction of the vibration amplitude. 2 The addition of silica fume of average size 0.2 μm (8 × 10 -6 in.) to cement increases the loss tangent as well as the storage modulus. [2] [3] [4] [5] 7 The silica-cement interface contributes to the viscous behavior, while the interior of the silica particles contributes to the elastic behavior. This paper is directed at studying: 1) the viscoelastic behavior of silica fume under dynamic compression; and 2) the effects of silane treatment, solid content, static strain, and frequency on the viscoelastic behavior. No binder is present in any of the compacts studied.
RESEARCH SIGNIFICANCE
The viscoelastic behavior is relevant to vibration damping. Silica fume is a nanoparticulate waste material that is increasingly used as an admixture in cement-based materials. This work reports the dynamic compressive properties (the loss tangent, storage modulus, and loss modulus) of silica fume in the absence of a binder. The effect of silane treatment of the silica fume is also reported. The material is found to be viscoelastic, with the viscous character stemming from the particle-particle interfacial movement. Such viscous character helps explain the effectiveness of silica fume as an admixture in enhancing the vibration damping ability of cement-based materials.
EXPERIMENTAL METHODS
The silica fume was used in previous work on cementmatrix composites. [2] [3] [4] [5] The particle size ranges from 0.03 to 0.5 μm (1.2 × 10 -6 to 2 × 10 -5 in.), with an average size of 0.2 μm (8 × 10 -6 in.). It contains > 93 wt.% SiO 2 , < 0.7 wt.% Al 2 O 3 , < 0.7 wt.% CaO, < 0.7 wt.% MgO, < 0.5 wt.% Fe 2 O 3 , < 0.4 wt.% Na 2 O, < 0.9 wt.% K 2 O, and < 6 wt.% loss on ignition. The true density is 2.1 g/cm 3 3 ), both as used in previous work. [2] [3] [4] [5] 7 The amine group in Z-6020 serves as a catalyst for the curing of the epoxy, and consequently allows the Z-6020 molecule to attach to the epoxy end of the Z-6040 molecule. The trimethylsiloxy ends of the Z-6020 and Z-6040 molecules then connect to the -OH functional group on the surface of the silica. The silane is dissolved in ethylacetate at 2.0 wt.%. Surface treatment is performed by immersion in the solution, heating to 75°C (167°F) while stirring, and then holding at 75°C (167°F) for 1 hour, followed by filtration and drying. The silica fume is then heated at 110°C (230°F) for 12 hours.
To assess the amount of silane, the treated silica fume (ground by using a mortar and a pestle) is weighed before and after heating in air at 500°C (932°F) for 2 hours. The heating is adequate for complete removal of the silane coating. Based on the testing of three silane-treated silica fume specimens, each of initial mass 1.000 g (0.220 × 10 -2 lb), the weight loss after heating was found to be (4.4 ± 0.1)%. This means that the silane coating amounts to 4.2 wt.% or 8.2 vol.% of the silane-treated silica fume. Based on the rule of mixtures (Eq. (4)), the density of the silane-treated silica fume particles is thus calculated to be 1.8 g/cm 3 (110 lb/ft 3 ).
density of silane-coated silica = (volume fraction of silica)(density of silica) (4) + (volume fraction of silane)(density of silane)
After the silane treatment (without subsequent grinding), the silica fume forms large aggregates with a typical size of approximately 20.0 mm (0.800 in.). The large aggregates are much larger than those without silane treatment. They are optionally ground using a mortar and a pestle to a typical aggregate size that is essentially the same as that of the untreated silica fume. The aggregation of the silica particles without silane treatment is believed to be due to surface energy minimization. The extensive aggregation after treatment is attributed to the silane coupling. [3] [4] [5] Specimens are obtained by manual compaction in a stainless steel cylindrical cup with an inside diameter of 18.0 mm (0.709 in.). The specimen thickness in the compaction direction (vertical) is 3.5 mm (0.14 in.), as measured for each specimen. The density is obtained from the measured mass and volume. Specimens are tested at bulk densities ranging from 0.50 to 0.59 g/cm 3 (31 to 37 lb/ft 3 ). With the true density of untreated silica fume at 2.1 g/cm 3 (130 lb/ft 3 ), these untreated bulk density values correspond to solid volume fractions ranging from 24 to 28%. A dynamic compressive stress is applied by using a stainless steel circular plate with a diameter of 15.0 mm (0.591 in.), with the plate parallel to the bottom plane of the cup and centered at the axis of the cup. The cup and plate are accessories of the testing system described as follows. Three specimens are tested for each combination of specimen type and loading condition.
Dynamic compressive testing (ASTM D4065- 12 13 ) using a sinusoidal stress wave at a controlled frequency (0.2 to 10 Hz) is conducted at room temperature using a dynamic mechanical analyzer. The phase lag δ between the input stress wave and the output strain wave is measured. The amplitude of the stress wave (as controlled by a load cell) divided by the amplitude of the strain wave (as measured by a displacement transducer) gives the storage modulus. The product of the storage modulus and the loss tangent δ gives the loss modulus. The dynamic stress δ d ranges from 67 to 75% of the corresponding static stress σ s . The stresses are such that specimens are tested at comparable values of the static and dynamic strains. The static stress ranges from 400 to 1200 Pa (0.06 to 0.17 psi), the dynamic stress ranges from 300 to 900 Pa (0.04 to 0.13 psi), and the static strain ranges from 0.93 to 2.38%. Similar strain values are obtained by adjusting the static and dynamic stresses, such that the deformation amplitude is below 10 μm (4 × 10 -5 in.) to avoid other vibration modes. The frequency is far from any vibration resonance frequency.
RESULTS AND DISCUSSION
For the untreated (as-received) silica fume under dynamic compression at 0.2 Hz, Table 1 shows that the loss-tangent/ solid-content decreases with increasing bulk density (solid content), such that the highest value of 0.41 is obtained at the lowest bulk density of 0.50 g/cm 3 (31 lb/ft 3 ) (the lowest solid content of 24 vol.%). This value means significant viscous behavior. The storage-modulus/solid-content tends to increase with increasing bulk density, such that the highest value of 8.7 x 10 4 Pa (12.6 psi) is obtained at the highest bulk density of 0.59 g/cm 3 (37 lb/ft 3 ) (the highest solid content of 28 vol.%). This value means that the stiffness is low. The loss-modulus/solid-content tends to decrease with increasing bulk density, such that the highest value is 1.2 psi (8.1 × 10 3 Pa). These effects are attributed to the increasing difficulty of interparticle movement as the bulk density (solid content) increases.
Aggregation of the particles occurs, whether the silica fume has been treated or not. The aggregation, however, is much more extensive after silane treatment of the silica fume (in the absence of subsequent grinding). After grinding, the silane-treated silica fume is similar in aggregate size and morphology to the untreated silica fume. Table 1 also shows the effects of silane treatment and subsequent grinding. The loss-tangent/solid-content, storagemodulus/solid-content, and loss-modulus/solid-content are all increased by the silane treatment; the effect is greater in the absence of grinding.
That the treatment increases the loss-tangent/solidcontent is attributed to the viscoelastic deformation of the silane coating, which amounts to 8.2 vol.% of each particle. That the treatment increases the storage-modulus/solid-content is attributed to the greater cohesion of the particles in the presence of the silane coating. In other words, greater cohesion of the particles results in greater stiffness for the compact. This explanation is supported by the higher storage-modulus/ solid-content for silane-treated silica fume without grinding (larger aggregates) compared to that with grinding (smaller aggregates) ( Table 1 ). The fact that more extensive aggregation increases the storage-modulus/solid-content means that interparticle movement is detrimental to the stiffness of the compact. The movement contributes to enhancing the loss-tangent/solid-content, although the viscoelastic character of the silane also contributes.
The silane coating results in greater cohesion because the silane coating of one particle tends to adhere to that of an adjacent particle. Due to the hydrophilic nature of the silane, the moisture in the air in the compact probably helps to provide a bridge for the adhesion to occur. This observation is consistent with the higher values of the compressive modulus, the tensile modulus, and the flexural storage modulus of cement mortar containing silane-treated silica fume compared with cement mortar containing untreated silica fume. 5 The effects of the silane treatment are similar for all three bulk densities, although the loss-tangent/solidcontent decreases with increasing bulk density, while the storage-modulus/solid-content increases and the lossmodulus/solid-content is essentially independent of the bulk density ( Table 1 ). The decrease in loss-tangent/solid-content as the bulk density increases relates to the greater difficulty for interparticle movement resulting from the fact that the particles are more tightly squeezed together. The increase in storage-modulus/solid-content as the bulk density increases is attributed to the increased cohesion of the particles.
The highest loss-tangent/solid-content of 0.57 is obtained for the lowest bulk density of 0.50 g/cm 3 (31 lb/ft 3 ) and the case without grinding; this corresponds to the largest fractional increase of 40% in the loss-tangent/solidcontent due to the silane treatment. This limited value of the fractional increase means that the viscous deformation mechanism involving interparticle movement, as observed for the untreated silica fume, remains dominant after silane treatment. The additional viscous character resulting from the silane treatment is attributed to the viscous character associated with the flexibility of the silane molecules. The highest storage-modulus/solid-content of 17 × 10 4 Pa (25 psi) is obtained for the highest bulk density of 0.59 g/cm 3 (37 lb/ft 3 ) and without grinding; this corresponds to the largest fractional increase of 90% in the storage-modulus/solidcontent due to the silane treatment. Hence, the elastic effect of the silane treatment is greater than the viscous effect. This is attributed to the increase in cohesion among the particles and the consequent stiffening of the compact.
The highest loss-modulus/solid-content of 21 × 10 3 Pa (3 psi) is obtained for the intermediate bulk density of 0.55 g/cm 3 (34 lb/ft 3 ) and without grinding; this corresponds to the largest fractional increase of 180% in the lossmodulus/solid-content due to the silane treatment. This reflects the combined elastic and viscous effects of the silane treatment. Table 2 shows the effect of the frequency. The losstangent/solid-content, storage-modulus/solid-content, and loss-modulus/solid-content all decrease with increasing frequency, and the fractional increase in each of these three quantities due to the treatment also tends to decrease with increasing frequency. This frequency dependence is typical of viscoelastic deformation, which takes time to complete. This observation means that the greatest mechanical energy dissipation is provided by the lowest frequency in the absence of grinding.
For the case with grinding, the largest fractional increase due to the treatment is 30, 60, and 110% for the loss-tangent/solid-content, storage-modulus/solid-content, and lossmodulus/solid-content, respectively, as obtained also at 0.2 Hz. The grinding reduces the effectiveness of the treatment because it decreases the aggregate size, thus effectively decreasing the cohesion. Figure 1 and Tables 1 and 3 show the loss-tangent/ solid-content decreases with increasing solid content, whether the silica fume is silane-treated or not. The trend is the same, whether the silane treatment is followed by grinding or not. It is clearer for the treated silica fume than the untreated silica fume. This means that an increase in solid content makes it more difficult for interparticle movement, and that this effect is greater when the silica fume is treated.
As shown in Fig. 1(b) , the storage-modulus/solid-content is essentially independent of the solid content for the untreated silica fume, but increases with increasing solid content for the treated and ground silica fume. As shown in Table 1 , the increasing trend is also exhibited by the treated silica fume that has not been ground. This means that the storage modulus essentially obeys the rule of mixtures for the untreated silica fume, but not for the treated silica fume. This is because the silane-induced cohesion increases with increasing solid content; that is, the interaction between silane-treated particles increases as the particles become closer.
As shown in Fig. 1(c) , the loss-modulus/solid-content is relatively independent of the solid content, whether the silica fume is treated or not. This reflects the combined effects of stiffening ( Fig. 1(b) ) and decrease in the viscous character ( Fig. 1(a) ).
An increase in the static strain is akin to an increase in the solid content beyond that corresponding to zero static strain. The maximum static strain is only 2.4%, however, which is much smaller than the maximum fractional increase Loss-tangent/solid-content 0.24 ± 0.02 0.25 ± 0.02 0.27 ± 0.02 6 ± 17 14 ± 18
Storage-modulus/solid-content, psi (10 4 Pa) 10.56 ± 0.6 (7.3 ± 0.4) 10.9 ± 0.7 (7.5 ± 0.5) 13.1 ± 0.7 (9.0 ± 0.5) 3 ± 13 24 ± 14
Loss-modulus/solid-content, psi Storage-modulus/solid-content, psi (10 4 Pa) 9.4 ± 0.9 (6.5 ± 0.6) 8.9 ± 0.7 (6.1 ± 0.5) 12.5 ± 1.0 (8.6 ± 0.7) -4 ± 17 34 ± 23
Loss-modulus/solid-content, psi (10 3 Pa) 0.6 ± 0.1 (3.8 ± 0.5) 0.6 ± 0.1 (3.9 ± 0.4) 0.9 ± 0.1 (6.3 ± 0.8) 6 ± 24 72 ± 44 in solid content of 17% in Fig. 1 . Table 3 and Fig. 2 show the effect of static strain on the dynamic compressive properties of silica fume of various bulk densities at the frequency of 0.2 Hz. For the bulk density of 0.50 g/cm 3 (31 lb/ft 3 ) at the frequency of 0.2 Hz, Fig. 2 shows that, for the treated silica fume, the storage-modulus/solid-content and loss-modulus/ solid-content increase with increasing static strain, while the loss-tangent/solid-content is essentially independent of the static strain. For the untreated silica fume, the losstangent/solid-content, storage-modulus/solid-content, and loss-modulus/solid-content are all essentially independent of the static strain. The increase of the storage-modulus/solidcontent upon increase of the static strain, as observed for the treated silica fume, is attributed to the slight further compaction of the silica fume as the static strain increases, and the consequent slight stiffening of the compact. The effects of increasing the static strain are basically consistent with those of increasing the solid content (Fig. 1) .
The effects shown in Table 3 for the frequency of 0.2 Hz are qualitatively similar at other frequencies up to 10.0 Hz. For the same stress, the loss-tangent/solid-content, storagemodulus/solid-content, and loss-modulus/solid-content decrease with increasing frequency (Fig. 3 ). This is due to the time-dependent nature of the viscous behavior, which causes the loss tangent and storage modulus to be higher when there is more time available for the deformation.
For a given surface condition and a given frequency, the highest value of the loss-tangent/solid-content is given by the combination of low bulk density and low static strain (Table 3) ; for a given bulk density, the highest value of the loss-tangent/solid-content is given by the combination of low frequency and low strain (Fig. 3) . Low frequency or low strain corresponds to a low strain rate, which allows more time for the viscoelastic deformation, hence enhancing the loss tangent. For a given frequency, the highest value of the storage-modulus/solid-content is given by the combination of high bulk density and high static strain (Table 3 and Fig. 1) ; for a given bulk density, the highest value of the storage-modulus/solid-content is given by the combination of low frequency and high strain (Fig. 3) . High bulk density or high strain corresponds to a high degree of compaction, which causes stiffening.
As shown in Fig. 3 , increase in the frequency causes decrease in the loss-tangent/solid-content, the storage-modulus/solid-content, and the loss-modulus/solid-content, but the effects diminish with increasing frequency, such that the effects are negligible above 5 Hz. The effects tend to be smaller for the untreated silica than the treated silica (Fig. 3) . The presence of silane enhances the frequency effect, as expected due to the viscoelastic behavior of silane.
The following practical recommendations can be reached based on the aforementioned results. First, silane treatment and low frequency are recommended, whether one wants to achieve high loss tangent, high storage modulus, or high loss modulus. Second, a high bulk density and a high static strain are recommended for energy dissipation and stiffness, but a low bulk density and a low static strain are recommended for fast decay of the vibration amplitude. For glass spheres of size ranging from 80 to 4000 μm (32 × 10 -5 to 1.6 × 10 -2 in.), previous work 11 reported that the storage modulus is significantly increased by increasing the compressive stress, while the loss tangent is only slightly decreased, if at all. The effects of stress observed in this work are basically consistent with those reported previously, 12 though the effect of stress on the loss tangent is more clearly observed in this work than in previous work.
CONCLUSIONS
This paper reports the viscoelastic behavior of silica fume in the absence of a binder. It also reports the effect of silane treatment on the viscoelastic behavior. The bulk density ranges from 0.50 to 0.59 g/cm 3 (31 to 37 lb/ft 3 ). The solid content ranges from 24 to 31 vol.%. The fixed frequency ranges from 0.2 to 10.0 Hz.
The viscous character stems from interparticle movement, but the viscous character of the silane contributes. The elastic character stems from the particle interior, but the particle cohesion contributes. The highest loss-tangent/solid-content (0.57 and 0.41 for treated and untreated silica, respectively) is provided by the combination of low solid content, low static strain, and low frequency; the highest storage-modulus/ solid-content (170 and 87 kPa [25 and 13 psi]) for treated and untreated silica, respectively) is provided by the combination of high solid content, high static strain, and low frequency. The highest loss-modulus/solid-content is 21 and 8.1 kPa (3.0 and 1.2 psi) for treated and untreated silica, respectively.
For the untreated silica fume, the loss-tangent/solid-content decreases with increasing solid content, such that the highest value is 0.41; the storage-modulus/solid-content tends to increase with increasing bulk density, such that the highest value is 87 kPa (13 psi); the loss-modulus/solid-content tends to decrease with increasing bulk density, such that the highest value is 8.1 kPa (1.3 psi). These effects are attributed to the increasing difficulty of interparticle movement as the solid content increases.
The loss-tangent/solid-content, storage-modulus/solidcontent, and loss-modulus/solid-content all increase significantly upon silane treatment of the silica fume, particularly if the silane treatment is not followed by grinding. The silane treatment greatly increases the aggregate size, which is reduced by grinding. The silane coating amounts to 8.2 vol.% of the silane-treated silica fume particles, and results in increased aggregation.
The fractional increases in loss-tangent/solid-content, storage-modulus/solid-content, and loss-modulus/solidcontent due to the treatment are up to 40, 90, and 180%, respectively. The increase in loss-tangent/solid-content is due to the viscous character of the silane, whereas the increase in storage-modulus/solid-content is due to the increased cohesion of the silica particles.
The silane-induced cohesion becomes more significant as the solid content increases, thereby resulting in a decrease in the loss-tangent/solid-content and an increase in the storagemodulus/solid-content. Without the silane treatment, the effect of the solid content on the loss-tangent/solid-content is less significant, and the storage-modulus/solid-content is essentially independent of the solid content; the latter is expected from the rule of mixtures. This rule is not obeyed by the treated silica fume because of the silane-induced cohesion increasing with the solid content. An increase in the static strain also causes an increase in the storagemodulus/solid-content, but the effect on the loss-tangent/ solid-content is less clear. The loss-tangent/solid-content, storage-modulus/solid-content, and loss-modulus/solidcontent all decrease with increasing frequency for untreated and treated silica fume. The presence of silane, which is viscoelastic, enhances the frequency effect. For both untreated and treated silica fume, the effects of the frequency are negligible above 5 Hz.
Silane treatment and low frequency are recommended, whether one wants to achieve high loss tangent, high storage modulus, or high loss modulus. A high bulk density and a high static strain are recommended for energy dissipation and stiffness, but a low bulk density and a low static strain are recommended for fast decay of the vibration amplitude. 
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